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The implication of the various lipoprotein classes in the development of atherosclerotic cardiovascular disease has served to focus a great deal of attention on these particles over the past half-century. Using knowledge gained by the sequencing of the human genome, recent research efforts have been directed toward the elucidation of the proteomes of several lipoprotein subclasses. One of the challenges of such proteomic experimentation is the ability to initially isolate plasma lipoproteins subsequent to their analysis by mass spectrometry. Although several methods for the isolation of plasma lipoproteins are available, the most commonly utilized techniques require large sample volumes and may cause destruction and dissociation of lipoprotein particle-associated proteins. Fast protein liquid chromatography (FPLC) is a nondenaturing technique that has been validated for the isolation of plasma lipoproteins from relatively small sample volumes. In this study, we present the use of FPLC in conjunction with nano-HPLC-ESI-tandem mass spectrometry as a new integrated methodology suitable for the proteomic analysis of human lipoprotein fractions. Results from our analysis show that only 200 l of human plasma suffices for the isolation of whole high density lipoprotein (HDL) and the identification of the majority of all known HDLassociated proteins using mass spectrometry of the resulting fractions.
proteomics; high-density lipoprotein; liquid chromatography; fast protein liquid chromatography LIPOPROTEINS, WHICH CIRCULATE primarily in the plasma, encompass a group of highly heterogeneous particles which differ in size, charge, lipid, apolipoprotein, and protein composition, and physiological function. The discovery of a pathological association between various lipoprotein classes and cardiovascular disease risk has sustained the impetus for research in this field. In particular, high-density lipoproteins (HDLs) have been shown to possess antiatherogenic properties (4) , and it is a well-established fact that plasma HDL-cholesterol (HDL-C) levels are inversely correlated with the risk of developing atherosclerotic cardiovascular disease (3) . However, the molecular mechanisms underlying the atheroprotective properties of HDL are unclear.
To further elucidate the role of HDL in the etiology of cardiovascular disease, several analyses of the human HDL proteome using mass spectrometry-based approaches have emerged within the past few years (13, 17, 26, 29) . Collectively, these studies have identified Ͼ80 different HDL-associated proteins, many of which were not previously known to associate with these particles. Several of these HDL-associated proteins and enzymes, which likely mediate the atheroprotective functions of HDL, are altered in cardiovascular and metabolic diseases. An analysis of the HDL proteome in coronary artery disease patients revealed enrichment in inflammatory and complement pathway proteins such as paraoxonase-1 (PON1) and complement component 3 (29) . PON1 activity levels were also found to be significantly decreased in patients with the metabolic syndrome (2) . Under inflammatory conditions, serum amyloid A, an important mediator of the inflammatory response that is preferentially associated with HDL, is capable of replacing, and thereby reducing, HDL-associated apolipoprotein A-I (7).
Several lipoprotein separation techniques have been developed that allow for the isolation of HDLs and their subclasses from whole plasma as preparative work-ups prior to analysis by mass spectrometry. Although preparative ultracentrifugation (12) remains the method of choice for isolating HDL subclasses, it has been suggested that the high centrifugal forces and salt concentrations required for this technique may cause structural damage and the dissociation of HDL-associated proteins (21) . This could impair the detection and analysis of relevant proteins in subsequent mass spectrometric experiments. Furthermore, the majority of ultracentrifugal methods require relatively large starting volumes of plasma (2-5 ml). However, a recent study (28) , in which a D 2 O/sucrose method was applied in lieu of KBr and which requires relatively small sample volumes (up to 500 l), has shown to be a promising alternative to the traditional ultracentrifugal options as it appears to have reduced the loss of protein content from lowdensity lipoprotein (LDL) and HDL fractions. Such studies, including the one we describe here, serve as examples of unbiased, potential improvements toward the goal of elucidating the lipoprotein proteomes that have been shown to include a vast array of nonstructural, noncovalently associated, exchangeable proteins and apolipoproteins critical to their function (13, 15, 17, 26 -29) .
The subsequent analysis of HDL-associated proteins has mostly relied on two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) followed by the identification of protein(s) in a single spot by peptide mass fingerprinting with a matrix-assisted laser desorption/ionization-time of flight mass spectrometer (13, 17, 26, 28) . However, there are several disadvantages associated with the use of 2D-PAGE. Besides the fact that this technique can be both technically challenging and time-consuming, it requires relatively high amounts of protein and the gel spot resolution can be poor with multiple proteins migrating to the same spot (13, 17) .
Fast protein liquid chromatography (FPLC), which is based on the principle of gel filtration, has proven to be a rapid, nondenaturing method for the isolation of lipoproteins, including HDL subclasses, from human plasma samples (5, 16, 24, 25) . However, FPLC separation has never been used directly in conjunction with mass spectrometry for the identification of HDL-associated proteins. It was the purpose of our study to demonstrate the suitability of FPLC fractions for mass spectral analysis and the feasibility of a comprehensive characterization of the HDL-associated proteome using small plasma sample volumes. Using FPLC, in conjunction with a size-exclusion chromatography (SEC) column, we have isolated the HDL fraction from whole human plasma. In this study, we demonstrate the suitability of using the FPLC-SEC-derived lipoprotein fractions for subsequent analysis by nano-Liquid chromatography (LC)-tandem mass spectrometry (MS/MS). Using only 200 l of human plasma for the FPLC-SEC fractionation, we characterize each FPLC-SEC-derived lipoprotein fraction by both Western blot analysis and by scan number, which has been shown to be a reliable measure of relative protein abundance in a complex mixture (22) . Our data show that the combination of FPLC and MS/MS allows for a comprehensive analysis of lipoproteins.
MATERIALS AND METHODS
Plasma samples. The protocol for the acquisition of plasma samples from volunteers was approved by an Institutional Review Board at the Medical College of Wisconsin. Written consents were obtained from each volunteer prior to inclusion in this study. Plasma samples were stored at Ϫ20°C.
Materials. All chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise noted.
Isolation of plasma lipoproteins by FPLC-SEC. FPLC analysis was carried out on a BioLogic DuoFlow QuadTec 10 System equipped with a BioFrac fraction collector (Bio-Rad Laboratories, Hercules, CA). All FPLC runs were performed at 4°C. All of the elutions were monitored at an absorbance of 280 nm. The size-exclusion chromatography was carried out on a single Superdex 200 10/300 GL column (GE Healthcare, Uppsala, Sweden). Other groups have used a combination of different SEC columns in conjunction with FPLC carried out on different systems (5, 16, 24, 25) . The selection of a single Superdex 200 column was based on the observation that any increase in resolution achieved by combining several different SEC columns was not significant enough to warrant the extended elution times and increased potential for high back-pressure.
Elutions were performed in a 1 mM EDTA, 150 mM NaCl, 0.02% NaN 3 phosphate-buffered saline solution, pH 7.4, as prepared by Ordovas and Osgood (25) . This eluent buffer was degassed in a strong-side Erlenmeyer flask for 20 min under vacuum on a stir plate. The eluent buffer was also sterile filtered through a 0.22 m vacuumdriven GP Express PLUS membrane (Millipore, Billerica, MA). Prior to each sample injection into the FPLC-SEC system, 12 ml of eluent buffer, run at 0.3 ml/min, was used to ensure equilibration of the column. The column was washed with degassed and filtered 20% ethanol between runs. Immediately prior to injection, the thawed human plasma samples were centrifuged at 10,000 g for 5 min. Plasma sample aliquots of 200 l were used for each injection. To completely fill the injection loop, 200 l of eluent buffer was also added to each injection. The elutions were carried out at a flow rate of 0.30 ml/min with a maximum pressure of 218 psi. The BioFrac fraction collector was used to collect fractions of 0.5 ml throughout the analysis. Fractions were collected in polypropylene collection tubes. To improve sample recovery and to prevent sample adhesiveness to the fraction collection tubes, the polypropylene tubes were pretreated with a 1 ml/l Tween 20 solution as described by Nanjee and Brinton (24) . Fractions corresponding to discrete elution peaks and/or troughs were pooled and saved for subsequent analysis. The fraction sets were then concentrated using Vivaspin 500 spin columns (Vivascience, Hannover, Germany). To improve the protein recovery from these spin columns, they were preblocked with 5% SDS and rinsed following the manufacturer's recommendations.
Isolation of lipoproteins by density gradient ultracentrifugation. Plasma lipoproteins were isolated by density gradient ultracentrifugation (DGUC) on a Sorvall Ultracentrifuge (Thermo Scientific) with a Beckman 50.4 Ti rotor (Beckman Coulter, Fullerton, CA). Two milliliters of plasma were added to a salt solution with a density of 1.1818 g/ml. This solution was centrifuged at 40,000 rpm at 10°C for 18 h. The top 2 ml were removed by aspiration. This top layer contained the very low-density lipoprotein (VLDL), intermediatedensity lipoprotein (IDL), and LDL classes. To the remaining solution, 2 ml of a salt solution with a density of 1.4744 g/ml was added. This solution was centrifuged at 40,000 rpm at 10°C for 24 h. The top 1 ml, which contains whole HDL, was removed by aspiration.
Comparison of whole plasma elution profile with lipoprotein standards isolated by DGUC and with protein molecular weight standards. Aliquots of 200 l from the VLDL, IDL, and LDL DGUC standard and from the HDL DGUC standard were injected onto the Superdex 200 column. The elution profiles from both of these standards were overlaid with that for whole plasma. Protein standards, ranging in size from 29 to 669 kDa, from a protein molecular weight standard kit (Sigma Aldrich) were prepared according to the manufacturer's recommendations and individually injected onto the Superdex 200 column in aliquots of 200 l. The elution profile for each standard was overlaid with that of whole plasma, and the peak elution position for each standard was noted.
Nondenaturing Western blot analysis. A single, 200 l aliquot of plasma was fractionated by FPLC on a Superdex 200 column. The whole plasma elution profile was divided into a total of eight fraction sets based on their correspondence with either a discrete elution peak or trough. The fraction sets were collected and concentrated. The protein concentration of each fraction set was assessed by a microBCA assay (Pierce, Rockford, IL). A total of 10 g from each fraction set was separated on a 3-20% nondenaturing polyacrylamide gel (PAGE gel, San Diego, CA) at 100 V overnight at 4°C. The gels were transferred to a 0.45 m pore size nitrocellulose membrane (Invitrogen, Carlsbad, CA) at 25 V for 4 h at 4°C, which was blocked for 12 h at 4°C in 0.001% bovine serum albumin (BSA) diluted in Tris-buffered saline (TBS; 4 mM Tris base, 6 mM Tris · HCl, and 150 mM NaCl, pH 8) with 0.08% Tween 20. Membranes were incubated with primary antibody [mouse anti-human apoA-I and apoB-100 (Santa Cruz Biotechnology, Santa Cruz, CA)] at a dilution of 1:500 in TBS-T with 0.001% BSA for 90 min at room temperature. The blots were then washed and incubated with goat-anti-mouse horseradish peroxidase-conjugated secondary antibody (Pierce, Rockford, IL) at a dilution of 1:5,000 in TBS-T with 0.001% BSA for 2 h at room temperature. They were then subjected to SuperSignal West Femto chemiluminescence Substrate (Pierce) detection system.
Chloroform extractions and trypsin digestion. Following the concentration of the fraction sets obtained by FPLC-SEC, a series of chloroform extractions was performed on each of the eight fraction sets to isolate the lipid-embedded and associated proteins from the lipoprotein particles [protocol adapted from Mirza et al. (23) ]. In brief, an equal volume of chloroform (1:1 vol/vol) was added to the sample, and it was placed on a shaker at room temperature for 1 h. An equal volume of methanol was then added to the mixture, and it was then vigorously vortexed at room temperature for 30 min. An equal volume of double-distilled water was added to the mixture, forming a visible bilayer. The sample was then centrifuged at 10,000 g for 2 min, after which the chloroform layer was discarded. One more volume of chloroform was added to the solution, and the samples were sonicated in a bath sonicator containing ice-cold water for 30 min. Following sonication, the samples were centrifuged at 10,000 g for 5 min and the chloroform layer was discarded. The proteins were then precipitated with 4ϫ (vol/vol) acetone at Ϫ20°C for 12 h. Following the precipitation, the protein was pelleted by centrifugation. The pellet was washed with acetone, allowed to dry, and then dissolved in 250 mM ammonium bicarbonate. The proteins from each fraction set were reduced with 10 mM dithiothreitol at 37°C for 30 min. The samples were then incubated in 55 mM iodoacetamide at 37°C for 45 min in the dark. The proteins from each fraction set were then digested with trypsin (Promega, Madison, WI) at a ratio of 1:50 trypsin to protein for 12 h at 37°C. Digestions were quenched with the addition of 1 l of 10% formic acid. The samples were then cleaned with C 18 Zip-Tips (Millipore) prior to mass spectral analysis.
Nano-HPLC-MS/MS. Protein digests were analyzed on a ThermoFinnigan LTQ ion trap mass spectrometer interfaced with a nano-LC system (Thermo Electron) equipped with an autosampler through which samples were loaded onto a C 18 capillary column (100 ϫ 0.1 mm). The capillary column was packed in-house with 5 m C18 RP particles (Phenomenex, Cheshire, UK). The compositions of solvents A and B, used for the chromatographic separation of peptides, were 5% acetonitrile in 0.1% formic acid and 95% acetonitrile in 0.1% formic acid, respectively. The protein digest injected onto the microcapillary column was resolved at a rate of 150 l/min, by the following gradient conditions: 0 -120 min 0 -25% B, 120 -180 min 25-75% B, 180 -190 min 75-100% B, 190 -200 min 100% B, 215-220 min 100% A, 220 -300 min 100% A.
Peak lists were generated from raw LC-MS/MS spectra using ExtractMS v. 3. The raw data acquired by the mass spectrometry experiment were searched against the human UniProt database (Uniprot v. 49.1, which contains 13,488 proteins and 7,360,189 amino acids) using the SEQUEST (9) (TurboSEQUEST v. 27 rev. 12) search engine. Additional search parameters included a precursor-ion mass tolerance of Ϯ2.5, and a fragment-ion mass tolerance of 0. The output files from the database search were filtered and summarized by the program Epitomize (11). The filter allows for a positive peptide, and hence protein, identification based on Protein Probability scores. The algorithm that generates the Protein Probability scores utilizes decoy database searching and is a modified version of the Peptide Prophet (19) algorithm. The Protein Probability scores are calculated with a modified version of the algorithm Peptide Prophet. The criteria for the positive identification of a protein were identification of the protein in at least two of the six FPLC runs and a Protein Probability score of Ն0.95.
RESULTS
As outlined in the introduction, it was the purpose of the current study to examine whether FPLC-based isolation of lipoprotein fractions, and especially the HDL subfraction, from small sample volumes is amenable to subsequent characterization of the HDL-associated proteome using nano-HPLC-MS/ MS. We evaluated reproducibility of FPLC separation, characterized the obtained subfractions, analyzed the HDL-associated proteome using mass spectrometry, and compared the results to previous results describing these proteins.
Reproducibility of the FPLC elution profile. To evaluate the reproducibility of the FPLC separation, we examined 200 l aliquots of whole human plasma from five different individuals. All samples were chromatographed over the same Superdex 200 column. As seen in Fig. 1 , the elution profiles are highly reproducible, and all peak locations match perfectly, suggesting that different lipoprotein subclasses are eluting reproducibly at the same time.
Identification and characterization of HDL subfractions. Although it has been suggested that isolation of lipoprotein particle subfractions by DGUC may result in potential sample destruction and protein dissociation, the method is still considered to be the gold standard by which one should compare other lipoprotein isolation techniques. To this end, whole HDL, obtained by DGUC, was separated by FPLC to determine the elution volumes for the HDL subclasses. The combined VLDL, IDL, and LDL fraction obtained by DGUC was also chromatographed to determine the elution volumes of these lipoprotein classes.
The chromatograms for both of these standards are overlaid with a representative chromatogram from a whole plasma sample in Fig. 2 . As the elution profiles show, the DGUCderived HDL fraction is resolved into three main peaks. Based on the principle of size-exclusion chromatography, one would expect that the particles with larger diameters would elute from the column before particles with relatively smaller diameters. Therefore, it is reasonable to infer that the first two peaks, at ϳ24.5 and 26.0 ml, most likely represent the HDL subclasses. The final peak, which begins to elute at ϳ35.5 ml, may represent dissociated HDL proteins and/or other plasma proteins. These findings confirm our prediction that the large bifurcated peak, which begins to elute at ϳ23.5 ml, contains the HDL subclasses. Interestingly, the VLDL, IDL, and LDL fraction appears to elute in three main peaks. The first peak, which begins to elute at ϳ18.5 ml, most likely represents a combination of VLDL, IDL, and LDL. The other two peaks, which elute at ϳ25.5 and 35.5 ml, may represent dissociated VLDL, IDL, or LDL proteins or contaminants from the HDL layer.
Protein standards, individually loaded onto and chromatographed over the Superdex 200 column, provide molecular weight estimates of the HDL subclasses and lend greater insight into the locations of these subclasses under the whole plasma elution profile. The arrowheads shown in Fig. 2 indicate the peak elution volumes of the protein standards of the provided molecular weights. The full elution profiles for each of the protein standards can be seen in Supplemental Fig. S1 . 1 The peak elution volume for apoferritin (443 kDa), which has a molecular weight greater than that of the largest HDL subclass (HDL 2b , 410 kDa), is located at ϳ22.5 ml. The peak elution volume for carbonic anhydrase (29 kDa), which has a molecular weight less than that of the smallest HDL subclass (HDL 3c , 160 kDa), is located at ϳ28.5 ml. The fact that these elution volumes flank those of the large, bifurcated peak, which is located between 24.5 and 26.0 ml, lends confidence to our inference that this peak corresponds with the HDL subclasses.
To further validate the location of the HDL subclasses under the whole plasma FPLC elution profile, a nondenaturing Western blot analysis of all eight fraction sets, collected across the elution profile, was performed. Since the major protein constituent of LDL is apolipoprotein B-100 (apoB-100) and the major protein component of HDL is apolipoprotein A-I (apoA-I), the presence of either HDL or LDL in the discrete elution peaks can be detected by immunoblotting with anti-apoB and antiapoA-I antibodies. The results shown in Fig. 3 indicate that the apoB-containing particles are present in fraction sets 2-4, which elute between ϳ20.2 and 23.5 ml. This implies that the LDL subclasses are eluting in those fraction sets. Figure 3 also illustrates that the apoA-I-containing particles are present in fraction sets [3] [4] [5] [6] [7] , which elute between ϳ21.5 and 28.0 ml. This indicates that the HDL subclasses are eluting in those fraction sets. Although there is an overlap between the elutions of the apoA-I-and apoB-containing particles (fraction sets 3-4, which elute between ϳ21.5 and 23.5 ml), these data, nonetheless, clearly demonstrate the elution volume of the lipoprotein subclasses. Furthermore, the migration patterns of the apoA-Icontaining particles indicate that the larger diameter particles are eluting from the column before the smaller diameter particles. This provides more evidence to support our notion that the HDL subclasses are contained in the large, bifurcated peak.
Comprehensive characterization of proteome of lipoprotein particles from human plasma using FPLC and nano-HPLC-MS/MS.
Next, we examined the suitability of the obtained FPLC fractions for direct mass spectrometric analysis. Isolated lipoprotein fractions were delipidated, as described by Mirza et al. (23) , and the resulting protein samples were digested by trypsin prior to nano-HPLC-MS/MS analysis. Each fraction illustrated in Fig. 4 was analyzed separately. The results from our mass spectrometric analysis are shown in Supplemental Tables S1-S8 . For all proteins included in these tables, the criteria for positive identification required detection of the protein in at least two FPLC-SEC isolations and an average Protein Probability score Ն0.95. For fraction sets 1-8, the total number of proteins meeting these criteria was 37, 71, 63, 93, 115, 113, 76, and 50, respectively.
The MS data corroborate the results from the Western blots depicted in Fig. 3 . To summarize the apoB-100 and apoA-I content of each fraction, Fig. 4B shows the average percentage of total MS scans for both apoB-100 and apoA-I in each fraction set. These results clearly indicate that the initial FPLC peaks contain the majority of apoB-100-containing particles, while the latter peaks contain the majority of the apoA-Icontaining particles, as evidenced by the relative abundances of the apoB-100 and apoA-I scan counts from each fraction set. In fraction sets 4, 5, 6 , and 7 we detected 30, 32, 31, and 29, respectively, known HDL-associated proteins identified by other MS-based studies (13, 17, 26, 29) . These include 14 of 1 The online version of this article contains supplemental material. (29) . Collectively, the studies described by Vaisar, Karlsson, Rezaee, Heller, and colleagues (13, 17, 26, 29) have identified a total of 86 different HDLassociated proteins, 26 of which have been confirmed by at least two of these studies. In our FPLC-SEC fraction sets 4 -7, we identified 81, 81, 69, and 65%, respectively, of these 26 proteins. Given the fact that, collectively, these studies, which employed either shotgun proteomics or peptide mass fingerprinting, agreed on only 26 proteins strongly suggests that the HDL proteome is far from being extensively characterized, and it also highlights the fact that variations in sample handling, fractionation and protein identification workflows can lead to disparate, potentially biased, results. The fact that we were able to identify the majority of the known HDL-associated proteins, and several potentially novel HDL-associated proteins, suggests that the FPLC separation of lipoprotein particles successfully isolated HDL from the remaining lipoprotein particles, even from small volumes of plasma (200 l). Furthermore, the resulting isolated HDL particle fractions are suitable for direct MS analysis without prior two-dimensional gel electrophoresis.
DISCUSSION
The aim of the present study was to assess the suitability of using FPLC-SEC-derived lipoprotein fractions for analysis by nano-HPLC-MS/MS and describe the experimental procedure for this integrated proteomics approach. Several methods have been established for the isolation of plasma lipoproteins. Recent interest in exploring the HDL proteome has led to the use of lipoprotein isolation techniques, such as DGUC and 2D-PAGE, as preparative methods for the subsequent analysis of purified HDL by mass spectrometry. Although DGUC has been the most popular method for the isolation of plasma lipoproteins, its association with the potential problems of sample destruction (21) , the potential loss of surface apolipoproteins from specific HDL subclasses due to their differential stabilities during centrifugation (6) , and the requirement for relatively large sample volumes have prompted the search for alternative methods of lipoprotein isolation (5, 16) . The use of FPLC-SEC offers a validated, nondenaturing, reproducible and rapid method for the isolation of HDL from small volumes of frozen plasma (5, 16, 24, 25) . These advantageous characteristics make FPLC-SEC an attractive alternative method for lipoprotein isolation prior to mass spectrometric analysis, especially when sample volume and integrity are concerns. To our knowledge, this is the first study to use FPLC-SEC in conjunction with nano-HPLC-MS/MS to characterize plasma lipoprotein fractions.
As highlighted in Fig. 1 , the separation is highly reproducible. We were able to achieve nearly identical profiles from plasma samples of different individuals, suggesting that the isolation of specific lipoprotein fractions from multiple samples is easily achievable.
Although FPLC-SEC is a well-established method for the isolation of lipoproteins, a potential limitation of this technique for isolating lipoprotein fractions from plasma, as described here, is related to the concern that SEC will inherently lead to the coelution of free plasma proteins of matching size with the lipoprotein particles. Indeed, it has been shown that there is a potential for contamination of lipoprotein fractions by nonstructural, noncovalently associated proteins when purified by SEC (18) . However, it is well established that, besides the established structural proteins, HDL particles also contain a wide variety of weakly associated proteins that carry out many of the various functions attributed to HDL particles (13, 17, 26, 29) . Although it may be difficult to evaluate whether plasma proteins identified by our analysis are coeluting contaminants in the SEC fractions or are actually associated with the lipoprotein particles, we can at least infer the association of certain proteins with actual lipoprotein particles rather than coelution based on their identification in a wide range of fraction sets covering a wide range of molecular weights. For example, the proteins ␣2-macroglobulin, complement C3, and haptoglobin, with molecular weights of 163, 187, and 45 kDa, respectively, are found in all eight FPLC-SEC fraction sets (Supplemental Tables S1-S8) . Similarly, the proteins serotransferrin (77 kDa), vitronectin (54 kDa), transthyretin (16 kDa), and serum albumin (69 kDa) are found in at least six of the eight fraction sets. Given the fact that the elution peaks for each of the protein standards (Supplemental Fig. S1 ) are relatively narrow (spanning one or few fraction sets), we believe that finding a particular protein across a wide range of fractions (i.e., 6 -8 fraction sets) would strongly suggest that such a protein is actually associated with a lipoprotein particle, and not just freely circulating in the plasma and coeluting in the chromatography.
To improve the detection of lipoprotein-associated proteins, numerous arguments can be made for the depletion of several of the highly abundant plasma proteins and for the selective enrichment of lipoprotein-specific proteins such as apoB-100 and apoA-I via immunoaffinity chromatography. However, for each of these arguments, there are noteworthy counterarguments against such practices. First of all, as the results of others have indicated (13, 17, 26, 29) , several of the most abundant plasma proteins, including serum albumin, haptoglobin, serotransferrin, and ␣2-macroglobulin, have also been shown to be HDL-associated proteins. Therefore, their removal from plasma may also remove the very particles at which the analysis is aimed. As Echan et al. (8) have indicated, the plasma proteome is so complex, that even after the depletion of the six most abundant proteins, one is still left with an extremely broad range of protein abundances. Furthermore, the depletion of serum albumin poses significant concerns (1, 8, 10, 15, 30) , as it functions as an important transport protein in plasma, binding a vast array of other proteins and hormones, and it has been shown to be bound to several apolipoproteins, including apoA-I (10). Therefore, the removal of albumin may remove lipoprotein particles as well. A recent study (14) has also shown that haptoglobin, one of the most abundant plasma proteins, binds to apoA-I and may play a role in reverse cholesterol transport.
Although other studies (5, 16, 24) have analyzed FPLC fractions using the same or similar SEC columns for their lipoprotein content, we performed validation experiments to reliably locate HDL under the whole plasma FPLC elution profiles obtained under our experimental conditions. Using protein standards to estimate the elution position of lipoproteins with similar molecular weights and whole HDL isolated by density gradient ultracentrifugation, we were able to identify the elution positions for the HDL fraction (Fig. 2) . These positions correspond to the large, bifurcated peak that begins to elute at ϳ23.5 ml and is completed at ϳ28 ml. It is important to note that unlike plasma lipoproteins, the protein standards used here are not spherical in shape. However, they provide for an effective estimation of the apparent molecular weights of the plasma lipoproteins isolated by SEC, and these standards have been used by others for the same purpose (24) .
Upon dividing the whole plasma FPLC elution profile into eight discrete fraction sets as seen in Fig. 3A , we analyzed each fraction set via nondenaturing Western blot analysis. The results reveal that the majority of the apoA-I-containing particles is located in fraction sets 4 -7 (Fig. 3B) , which correspond to the bifurcated peak described above. Therefore, HDL is well separated from other lipoprotein subfractions and thus is suitable for further analysis.
The results of our comprehensive profiling of the FPLC-SEC-derived lipoprotein fractions by MS/MS serve not only to confirm the elution positions of the HDL subclasses and the apoB-containing particles but also to illustrate that such protein profiles can be obtained with as little as 200 l of plasma. A large percentage of previously reported HDLassociated proteins was identified in fraction sets 4 -7. Although we were unable to identify all of the known HDL-associated proteins as reported in the literature (13, 17, 26, 29) , evidence from others has shown that repeated analyses of the same sample could improve our results with respect to the total number of proteins identified. Liu and colleagues (22) have shown that in performing a total of nine LC/LC/MS/MS experiments, under the same conditions on the same sample, new proteins can be identified with each experiment. Vaisar et al. (29) have shown that in performing three replicate analyses of the same HDL protein sample, the total number of proteins identified increased by ϳ20%. Therefore, it is likely that further detailed analysis of FPLC-derived HDL fractions will increase the number of identified HDL-associated proteins.
The results from our study show that HDL particles can be successfully isolated from whole human plasma using FPLC-SEC. We have also demonstrated that the FPLC-SEC-isolated lipoprotein fractions, derived from only 200 l of plasma, are suitable for analysis by nano-HPLC-MS/ MS. Given the fact that we were able to identify the majority of all known HDL-associated proteins, and several potentially novel HDL-associated proteins, with high confidence suggests that our experimental approach is ideally suited for in-depth analysis of lipoprotein particles where sample volume is a limiting factor. In future studies, the method reported here could be applied to the analysis of lipoprotein proteomes in disease versus normal controls, such as dyslipidemias and obesity or cardiovascular disease, and may help provide insights into the underlying functional mechanisms by which changes in lipoprotein composition mediate functional changes and disease risk.
